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Abstract

Background: Blacks have higher hypertension rates than whites; the reasons for these disparities
are unknown. Differential vulnerability, through which stress alters vulnerability to the effects
of environmental hazards, is an emergent notion in environmental health that may contribute to
these disparities.

Objectives: We examined whether blacks and whites exhibit different associations between
blood lead (BL) and blood pressure (BP) and whether depressive symptoms may play a role.
Methods: Using the National Health and Nutrition Examination Survey 2005-2008, we regressed
BP on the three-way interaction among race/ethnicity, BL, and depressive symptoms in blacks
and whites aged 20+ years.

Results: Blacks but not whites showed a positive association between BL and systolic blood
pressure (SBP). The disparity in this association between blacks and whites appeared to be
specific to the high depressive symptoms group. In the low depressive symptoms group, there
was no significant black-white disparity (Binteraction=0.9 mmHg; 95%CI: -0.9, 2.7). However, of
those with high depressive symptoms, blacks and whites had 5.6 mmHg (95%CI: 2.0, 9.2) and
1.2 mmHg (95%CI: -0.5, 2.9) increases in SBP, respectively, in association with each doubling
of BL (Binteraction=4.4 mmHg; 95%CI: 0.5, 8.3). The pattern of results was similar for diastolic
blood pressure.

Conclusions: Our results suggest that depressive symptoms may contribute to the black-white
disparity in the association between BL and BP. Depressive symptoms may result, in part, from
psychosocial stress. Our results support the notion that stress increases vulnerability to the
health effects of environmental hazards, and suggest that stress-related vulnerability may be an

important determinant of racial/ethnic health disparities.
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Introduction

Black-white disparities in hypertension have been documented for decades (Heymsfield
et al. 1977; Mensah et al. 2005). Recent nationwide prevalence estimates for hypertension in
adults are at roughly 33 percent for whites but 43 percent for blacks (Lloyd-Jones et al. 2010).
While the disparities have been well-characterized, the causes are poorly-understood. Research
suggests that unequal social factors and environmental exposures experienced by blacks and
whites contribute substantially to racial/ethnic disparities in health, including hypertension
(Cooper 1993; Lillie-Blanton and Laveist 1996; Morello-Frosch and Lopez 2006; Williams and
Collins 2001).

There is an emergent notion in the environmental health literature that social factors and
stress alter vulnerability to the harmful health effects of environmental exposures which then
contribute to racial/ethnic health disparities (Gee and Payne-Sturges 2004). It may be that the
greater levels of chronic social stressors, such as poverty, poor neighborhoods, and racial/ethnic
discrimination, experienced by blacks compared to whites (Clark et al. 1999; Dressler 1996;
Geronimus et al. 2007; Sternthal et al. 2011; Turner 2009; Williams et al. 2003), result in
increased vulnerability to hypertensive effects of environmental hazards.

There is empirical support for the notion that social stressors and psychosocial stress
moderate the association between environmental hazards, such as lead, and health. In other
words, some have shown that the association between lead and health may differ by the level of
stress. For example, a stronger inverse association between bone lead and cognitive outcomes
has been reported for people who live in neighborhoods with high (compared to low) levels of
psychosocial hazards, or who report high (compared to low) levels of perceived stress (Glass et

al. 2009; Peters et al. 2008). In addition, the association between bone lead and blood pressure
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(BP) was stronger in men who reported high levels of perceived stress compared with men who
reported low levels of perceived stress (Peters et al. 2007). Similarly, the association between
blood lead (BL) and hypertension was stronger in adults with high, compared to low, allostatic
load scores, which are a measure of the cumulative dysfunction of physiological systems due to
psychosocial stress (McEwen 1998; Zota et al. 2010).

Lead is causally related to a modest increase BP and risk of hypertension in a dose-
dependent manner (Ahamed and Siddiqui 2007; Cheng et al. 2001; Hu et al. 1996; Navas-Acien
et al. 2007; Vaziri 2008). Since the legislation in the 1980s governing lead use, lead exposure
has decreased substantially in the US (Muntner et al. 2005; Pirkle et al. 1998). For example,
unadjusted mean BL levels for black and white women in the National Health and Nutrition
Examination Survey (NHANES) II (1976-1980) were 13.2 pg/dL and 12.1 png/dL, respectively
(Sorel et al. 1991) compared with 2.3 pg/dL and 2.1 pg/dL in the NHANES III (1988-1994) (Den
Hond et al. 2002). In addition, while BL was associated with BP among both blacks and whites
in NHANES 1II (Harlan 1988), the BL-BP association was not present for white women in
NHANES III, but remained large and statistically-significant for black women (Den Hond et al.
2002; Muntner et al. 2005; Vupputuri et al. 2003), with a 1.2 mmHg increase in systolic BP
estimated for every doubling of BL (p<0.01) (Den Hond et al. 2002). The black-white disparities
in these patterns over time were similar for men. What might explain this new racial/ethnic
disparity in the association between BL and BP? In this paper, we examine the role of stress in
the stronger association between BL and BP in black compared to whites. Specifically, our
objectives are to: (1) document whether there continues to be a black-white disparity in the
association between BL and BP, and (2) examine the mediating and moderating roles of

depressive symptoms, as a proxy for stress, in this stronger association.



Methods

Dataset: We used data from two recent two-year waves of the NHANES that include
data collected from 2005 through 2008. The details of this survey are provided elsewhere
(NCHS 2011). Briefly, NHANES is currently an annual survey and clinical exam of a
population-representative sample of roughly 5000 non-institutionalized US residents > one year
of age administered by the Centers for Disease Control and Prevention. NHANES is approved
by the National Center for Health Statistics Research Ethics Review Board and all participants
provide informed consent. For the present analysis, we included all adults > 20 years of age who
self-identified as either non-Hispanic black or non-Hispanic white. We excluded women who
were pregnant, as this may affect BL levels and BP. We also excluded those with missing
information on any variables included in our models, yielding a final sample size of 4470 (1,218
black and 3,252 white).

Variables: Systolic (SBP) and diastolic blood pressure (DBP) values were the average
of up to three seated BP readings measured during the clinic examination. Whole BL was
measured using inductively coupled plasma mass spectrometry, and values below the limit of
detection were imputed as the lower-bound of the detection limit (0.25 pg/dL) divided by the
square root of two (i.e., 0.18 ug/dL) (NCHS 2008). We log-transformed BL values due to
heterskedasticity and centered them before modeling interactions.

There are no measures of psychosocial stress in NHANES. While depressive symptoms
are not a direct measure of psychosocial stress, researchers argue that depressive symptoms may
mark group differences in psychosocial stress and psychological health (Aneshensel et al. 1991;

Mirowsky and Ross 2003). Depressive symptoms are measured in NHANES using the Patient
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Health Questionnaire (PHQ-9), a tool used for screening and monitoring depression as defined
by the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV)
(Kroenke et al. 2001). The scale reliability coefficient, a, is: 0.84. Because we found that the
association between depressive symptoms and BP was nonlinear, we created a dichotomous
variable based on the distribution of the scores in the total sample and coded it as: O=lower two
tertiles (score <3); 1=highest tertile (score 23).

Analytic approach: To examine black-white differences in the association between BL
and BP, we regressed BP (SBP and DBP in separate models) on the interaction between
race/ethnicity and log-transformed BL. All models included lower-order terms for race/ethnicity
(black versus white) and BL (log-transformed) plus a multiplicative interaction term between
race/ethnicity and BL. In addition, we adjusted for: [Model 1] age, age?, and sex; [Model 2]
everything in Model 1 plus education (< high school, high school diploma, > high school) and
family poverty income ratio (PIR; the ratio of family gross income to family Census poverty
threshold); and [Model 3] everything in Model 2 plus hematocrit, body mass index (BMI), heavy
alcohol use (215 drinks/week and 25 drinks/day for men, 27 drinks/week and 24 drinks/day for
women) (NIAAA 2005), smoking status (never, former, current), and self-report of a diagnosis
of diabetes.

Although researchers generally report no black-white disparities in depressive symptoms
or depression based on the PHQ-9 or other DSM-IV-related instruments (Gavin et al. 2010;
Mezuk et al. 2010; Riolo et al. 2005), researchers have shown that, for a given level of
depressive symptoms, blacks report more stress compared to whites (Keyes et al. 2011; Mezuk et
al. 2010). Therefore, because the meaning of depressive symptoms with regard to stress may be

different between the race/ethnicities, we examined the role of depressive symptoms and



race/ethnicity in the association between BL and BP by regressing BP on a three-way interaction
among race/ethnicity, depressive symptoms, and BL. Specifically, we modeled lower-order
terms for race/ethnicity (black versus white), BL (log-transformed), depressive symptoms (high
versus low); pair-wise multiplicative interaction terms for race/ethnicity*BL,
race/ethnicity*depressive symptoms, and blood lead*depressive symptoms; and a three-way
interaction term for race/ethnicity*BL*depressive symptoms.

We conducted numerous sensitivity analyses, beginning with an examination of different
models of the association among race/ethnicity, depressive symptoms, and BL. Specifically, we
examined the potential for a: (1) mediated moderation and/or (2) moderated mediation among
these variables (Muller et al. 2005). Beginning with an examination of mediated moderation, we
examined the possibility that racial/ethnic disparities in the association between BL and BP are
mediated by (i.e., explained by; in the pathway of) racial/ethnic disparities in depressive
symptoms. Briefly, if racial/ethnic disparities in depressive symptoms explain the racial/ethnic
disparities in the association between BL and BP, the regression term for the interaction between
race/ethnicity and BL should be reduced after the addition of the interaction between
race/ethnicity and depressive symptoms to the model. The interaction terms for race/ethnicity
and BL did not change with the addition of the second interaction term, in either effect size or
statistical significance (data not shown). We then continued with an examination of moderated
mediation, because some have shown that lead is related to depression (Rhodes et al. 2003), and
depression is also related to hypertension (Scalco et al. 2005). We examined the possibility that:
(1) depressive symptoms mediate (i.e., explain; are in the pathway of) the association between
BL and BP, and (2) this role of depressive symptoms is moderated (i.e., different) by

race/ethnicity. We did not observe a significant difference (p > 0.05) in the association between
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BL and depressive symptoms according to race/ethnicity, which suggests that the association is
not moderated by race/ethnicity (data not shown).

Next, because lead is stored in bone and poor bone health may result in the release of lead
into the blood, we ran separate models adjusted for factors related to bone health and BP,
specifically, menopausal status (in women only: premenopausal, menopausal,
menopausal+estradiol hormone replacement therapy (Kalkwarf et al. 2003)), age (<50years, 250
years), and vitamin D intake (modeled as a continuous variable calculated from NHANES staff
from dietary intake questionnaires). We also ran models adjusted for the intake of several
nutritional factors that may be associated with BL and BP, including both serum and dietary (in
separate models) calcium, iron, potassium, and sodium (modeled as continuous variables
calculated from laboratory values, for serum levels, and calculated values from dietary intake
questionnaires, for dietary levels). Because 30% of blacks and 26% of whites in our sample
report use of anti-hypertensive medication, we also ran models adjusted for anti-hypertensive
medication use. In one model, we included a dummy variable for anti-hypertensive medication
use. However, there is controversy over the inclusion of this variable in BP models because it is
also a collider in the directed acyclic graph linking BP and numerous social factors such as
education and poverty. Therefore, in another model, we added ten mmHg to the SBP value of all
those taking anti-hypertensive medication use, as suggested in the literature (Tobin et al. 2005).
The results from each of these models were similar to those of our more parsimonious models, so
we do not report them.

All analyses were conducted in STATA 11.0. We employed NHANES sample weights
to account for the complex survey design and aggregation of data over multiple years (NCHS

2006).



Results

Mean SBP, but not mean DBP, was significantly higher in blacks than whites (Table 1).
BL levels for blacks and whites were similar (1.9 +2.2 ng/dL and 1.7 = 0.9 pg/dL, respectively),
but statistically different (p=0.006). Thirty-nine percent of blacks are in the high depressive
symptoms group, compared to 35% of whites. BL levels according to low or high depressive
symptoms were similar for both whites (1.7 + 0.8 pg/dL in both groups, p=0.755) and blacks (1.8
+ 2.1 pg/dL and 1.9 + 1.8 pg/dL for the low and high depressive symptoms groups, respectively,
p=0.755).

In the overall sample each doubling of BL was associated with a 1.3 mmHg increase in
SBP (95%CI: 0.1, 2.5) and a 1.0 mmHg increase in DBP (95%CI: 0.3, 1.8) based on models
adjusted for race/ethnicity and all Model 3 covariates. In fully adjusted models (Model 3) that
included interaction terms for race/ethnicity and log-transformed blood lead, a doubling of BL
was associated with a 3.2 mmHg (95%CI: 1.5, 5.0) increase in SBP in blacks compared with a
1.0 mmHg (95%CI: -0.3, 2.4) increase in whites (Binteraction= 2.2 mmHg; 95%CI: 0.3, 4.1) (Table
2). However, associations between BL and DBP were not significantly different between blacks
and whites (1.8 mmHg; 95%CI: 0.7, 2.8 and 0.9 mmHg; 95%CI: 0.1, 1.8, respectively; Binteraction=
0.8 mmHg; 95%CI: -0.3, 2.0).

Models that included a three-way interaction suggested that associations between BL and
SBP were limited to blacks with high depressive symptoms, among whom a doubling of BL was
associated with a 5.6 mmHg (95%CI: 2.0, 9.2) increase in SBP, compared with a 1.8 mmHg
(95%CI: 0.2, 3.5) increase among blacks with low depressive symptoms (Binteraction=-3-8 mmHg;

95%CI: -7.7, 0.2) (Table 3). Furthermore, at low levels of depressive symptoms, there was no
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significant racial/ethnic disparity in the association between BL and SBP (Binteraction=0.9 mmHg;
95%CI: -0.9, 2.7); whereas at high levels of depressive symptoms, there was a large and
significant disparity (Binteraction=4.4 mmHg; 95%CI: 0.5, 8.3).

A doubling of BL among blacks with low and high depressive symptoms was associated
with a 1.2 mmHg (95%CI: -0.1, 2.4) and 2.8 (95%CI: 0.9, 4.8) mmHg increase in DBP,
respectively, (Binteraction=-1.7 mmHg; 95%CI: -4.0, 0.6) (Table 3). A doubling of BL among
whites with low and high depressive symptoms was associated with a 1.2 mmHg (95%CI: 0.2,
2.1) and 0.4 mmHg (95%CI: -0.7, 1.6) increase in DBP, respectively (Binteraction=0.7 mmHg;
95%CI: -0.5, 2.0). Among those in the low depressive symptoms group, there was no
racial/ethnic disparity in the BL-DBP association (Binteraction=0.0 mmHg; 95%CI: -1.1, 1.1).
However, there was a significant disparity between blacks and whites in the high depressive

symptoms group (Binteraction=2-4 mmHg; 95%CI: 0.1, 4.7).

Discussion

We show that there continue to be racial/ethnic disparities in the association between BL
and BP based on recent NHANES data. Furthermore, the association between BL and BP was
strongest among Blacks who reported high levels of depressive symptoms, consistent with the
hypothesis that racial/ethnic disparities in psychosocial stress and social stressors result in an
increased vulnerability to the health effects of environmental exposures (Gee and Payne-Sturges
2004). In other words, our findings suggest that social factors may be important determinants of
environmental health disparities.

There is a growing literature suggesting that social stressors and psychosocial stress

moderate the association between lead and health. For example, the association between traffic-
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related pollution and incident asthma was stronger for children whose parents reported high,
compared to low, levels of perceived stress (Shankardass et al. 2009) and for children with high,
compared to low, exposure to violence (Clougherty et al. 2007). Similarly, the association
between traffic-related pollution and coronary artery calcification was reported to be stronger
among adults living in neighborhoods with high, compared to low, unemployment (Dragano et
al. 2009).

While we did not test biological mechanisms, the notion that stress increases
vulnerability to the hypertensive effect of lead is biologically-plausible. Lead and psychosocial
stress both affect biological pathways relevant to blood pressure control, including the
neuroendocrine and cardiovascular responses (Ahamed and Siddiqui 2007; Cory-Slechta et al.
2008; Harrison and Gongora 2009; Payton et al. 1993; Virgolini et al. 2005; Virgolini et al.
2006; Virgolini et al. 2008). Animals and their offspring had higher glucocorticoid levels when
exposed to both restraint stress and lead than animals exposed to either restraint stress or lead
alone (Cory-Slechta et al. 2004; Virgolini et al. 2006). These results are consistent with a
synergistic effect of lead and stress on biologic responses to stress.

The exact mechanisms of how lead and stress potentiate each other’s health effects are
not known. However, one possible mechanism is that either chronic stress or lead — or both —
may chronically activate the biological stress response systems. This chronic activation may
increase wear and tear — or allostatic load — on the neuroendocrine and related cardiovascular
systems. This allostatic load state is characterized by a lack of appropriate control of the
cardiovascular system, resulting in hypertension (McEwen and Seeman 1999; Seeman et al.
1997). Normally, cortisol increases in response to a stressor and then decreases with the removal

of the stressor, and children with low BL levels (one standard deviation below the mean) show

12
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this pattern of cortisol increase and decrease in response to a laboratory mirror-tracing stressor in
which participants used a computer mouse and cursor to trace a star on the computer screen
(Gump et al. 2008). However, children with high BL levels (one standard deviation above the
mean) did not exhibit a cortisol decrease after cessation of the stressor task (Gump et al. 2008).
In our study, depressive symptoms, measured by the PHQ-9, may mark the allostatic load of the
stress response system (McEwen 2003), which then results in a heighted hypertensive response
to recent low lead exposure, as marked by lead measured in blood. Together, this suggests that
both psychosocial stress and lead wear overburden the stress response systems making further
proper response to stress and environmental hazards difficult.

Our study had some limitations, including the use of blood lead as the marker of lead
exposure instead of bone lead, which provides a better indication of lifetime lead exposure and
may better capture lead’s effect on health than blood lead (Hu 1998). Because NHANES
contains only BL, we limited our BP outcomes to systolic and diastolic blood pressures, which
can change in response to short term exposures. Future research using bone lead as a measure of
exposure should consider outcomes that reflect more chronic pathophysiological processes,
including pulse pressure, a marker of arterial stiffness, and hypertension.

Another limitation was the use of depressive symptoms as a proxy marker for
psychosocial stress. While there is evidence to suggest that depressive symptoms are a
consequence of chronic psychosocial stress, they are only an indirect and crude proxy for stress
(Aneshensel et al. 1991; Mirowsky and Ross 2003). Further research would benefit from the use
of more direct stress measures. Perceived chronic stress, in particular, may explain the
racial/ethnic disparity in the association between BL and BP, as perceived stress captures the

extent to which stressors are actually stressful and thus engaging the biological stress processes.
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Finally, NHANES is a cross-sectional study and we were not able to examine temporal relations
between blood lead, depressive symptoms, and BP changes.

More research is needed that incorporates both social and environmental factors when
examining racial/ethnic health disparities. Furthermore, a growing body of literature suggests
that health disparities are produced and maintained through the cumulative effects of social and
environmental factors (Espinosa et al. 2004; Morello-Frosch et al. 2011; Morello-Frosch and
Lopez 2006). While we were able to empirically evaluate one socially-related factor (depressive
symptoms) and one environmental hazard (BL), health disparities are more likely the result of
multiple social factors (e.g., psychosocial stress, poverty, discrimination) and multiple
environmental exposures (e.g., lead, air pollution, noise pollution). More research is needed that

incorporates multiple social and environmental exposures.

Conclusions

Our research contributes to a growing literature addressing the notion of differential
vulnerability as it pertains to environmental health disparities, and is one of the first empirical
examinations of differential vulnerability in the association between BL and racial/ethnic
disparities in hypertension. With our research, we respond to the call to integrate social factors
into research on environmental health disparities (Gee and Payne-Sturges 2004; Hicken et al.
2011). Our findings reinforce the value of moving beyond traditional notions of environmental
health by integrating social and psychological factors into research on the role of environmental

hazards in health disparities.

14



Page 15 of 24

References

Ahamed M, Siddiqui MK. 2007. Low level lead exposure and oxidative stress: current opinions.
Clin Chim Acta 383(1-2):57-64.

Aneshensel CS, Rutter CM, Lachenbruch PA. 1991. Social Structure, Stress, and Mental Health:
Competing Conceptual and Analytic Models. Am Sociol Rev 56(2):166-178.

Bromberger JT, Harlow S, Avis N, Kravitz HM, Cordal A. 2004. Racial/ethnic differences in
the prevalence of depressive symptoms among middle-aged women: The Study of Women’s
Health Across the Nation (SWAN). Am J Public Health 94(8):1378-1385.

Cheng Y, Schwartz J, Sparrow D, Aro A, Weiss ST, Hu H. 2001. Bone lead and blood lead
levels in relation to baseline blood pressure and the prospective development of
hypertension: the Normative Aging Study. Am J Epidemiol 153(2):164-171.

Clark R, Anderson NB, Clark VR, Williams DR. 1999. Racism as a stressor for African
Americans - A biopsychosocial model. Am Psychol 54(10):805-816.

Clougherty JE, Levy JI, Kubzansky LD, Ryan PB, Suglia SF, Canner MJ, et al. 2007. Synergistic
effects of traffic-related air pollution and exposure to violence on urban asthma etiology.
Environ Health Perspect 115(8):1140-1146.

Cooper RS. 1993. Health and the social status of blacks in the United States. Ann Epidemiol
3(2):137-144.

Cory-Slechta DA, Virgolini MB, Rossi-George A, Thiruchelvam M, Lisek R, Weston D. 2008.
Lifetime consequences of combined maternal lead and stress. Basic Clin Pharmacol Toxicol
102(2):218-227.

Cory-Slechta DA, Virgolini MB, Thiruchelvam M, Weston DD, Bauter MR. 2004. Maternal
stress modulates the effects of developmental lead exposure. Environ Health Perspect
112(6):717-730.

Den Hond E, Nawrot T, Staessen JA. 2002. The relationship between blood pressure and blood
lead in NHANES III. J] Hum Hypertens 16(8):563-568.

Dragano N, Hoffmann B, Moebus S, Mohlenkamp S, Stang A, Verde PE, et al. 2009. Traffic
exposure and subclinical cardiovascular disease: Is the association modified by
socioeconomic characteristics of individuals and neighbourhoods? Results from a multilevel

study in an urban region. Occup Environ Med 66(9):628-635.

15



Page 16 of 24

Dressler WW. 1996. Hypertension in the African American Community: Social, cultural, and
psychological factors. Semin Nephrol 16(2):71-82.

Eaton WW, Kessler LG. 1981. Rates of Symptoms of Depression in a National Sample. Am J
Epidemiol 114(4):528-538.

Espinosa J, Briggum S, Carman N, Clarke D, Curley C, Fazeli B, et al. 2004. Ensuring risk
reduction in communities with multiple stressors. Washington, D.C.:United States
Environmental Protection Agency; National Environmental Justice Advisory Council.

Gavin AR, Walton E, Chae DH, Alegria M, Jackson JS, Takeuchi D. 2010. The associations
between socio-economic status and major depressive disorder among Blacks, Latinos,
Asians and non-Hispanic Whites: findings from the Collaborative Psychiatric Epidemiology
Studies. Psychol Med 40(1):51-61.

Gazmararian JA, James SA, Lepkowski JM. 1995. Depression in black and white women. The
role of marriage and socioeconomic status. Ann Epidemiol 5(6):455-463.

Gee GC, Payne-Sturges DC. 2004. Environmental health disparities: a framework integrating
psychosocial and environmental concepts. Environ Health Perspect 112(17):1645-1653.

Geronimus AT, Bound J, Keene D, Hicken M. 2007. Black-white differences in age trajectories
of hypertension prevalence among adult women and men, 1999-2002. Ethn Dis 17(1):40-48.

Glass TA, Bandeen-Roche K, McAtee M, Bolla K, Todd AC, Schwartz BS. 2009. Neighborhood
psychosocial hazards and the association of cumulative lead dose with cognitive function in
older adults. Am J Epidemiol 169(6):683-692.

Gump BB, Stewart P, Reihman J, Lonky E, Darvill T, Parsons PJ, et al. 2008. Low-level prenatal
and postnatal blood lead exposure and adrenocortical responses to acute stress in children.
Environ Health Perspect 116(2):249-255.

Harlan WR. 1988. The relationship of blood lead levels to blood pressure in the U.S. population.
Environ Health Perspect 78:9-13.

Harrison DG, Gongora MC. 2009. Oxidative stress and hypertension. Med Clin North Am
93(3):621-635.

Heymsfield S, Kraus J, Lee ES, McDill M, Stamler R, Watson R. 1977. Race, education and
prevalence of hypertension. Am J Epidemiol 106(5):351-361.

16



Page 17 of 24

Hicken MT, Gragg R, Hu H. 2011. How Cumulative Risks Warrant A Shift In Our Approach To
Racial Health Disparities: The Case Of Lead, Stress, And Hypertension. Health Aff
30(10):1895-1901.

Hu H. 1998. Bone lead as a new biologic marker of lead dose: recent findings and implications
for public health. Environ Health Perspect 106 Suppl 4:961-967.

Hu H, Aro A, Payton M, Korrick S, Sparrow D, Weiss ST, et al. 1996. The relationship of bone
and blood lead to hypertension. The Normative Aging Study. JAMA 275(15):1171-1176.

Jackson JS, Knight KM, Rafferty JA. 2010. Race and unhealthy behaviors: chronic stress, the
HPA axis, and physical and mental health disparities over the life course. Am J Public
Health 100(5):933-939.

Kalkwarf HJ, Khoury JC, Lanphear BP. 2003. Milk intake during childhood and adolescence,
adult bone density, and osteoporotic fractures in US women. Am J Clin Nutr 77(1):257-265.

Kessler RC, Neighbors HW. 1986. A New Perspective on the Relationships among Race, Social-
Class, and Psychological Distress. J Health Soc Behav 27(2):107-115.

Keyes KM, Barnes DM, Bates LM. 2011. Stress, coping, and depression: testing a new
hypothesis ina prospectively studied general population sampe of US-born Whites and
Blacks. Soc Sci Med 72:650-659.

Kroenke K, Spitzer RL, Williams JBW. 2001. The PHQ-9 - Validity of a brief depression
severity measure. J Gen Intern Med 16(9):606-613.

Lillie-Blanton M, Laveist T. 1996. Race/ethnicity, the social environment, and health. Soc Sci
Med 43(1):83-91.

Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, et al. 2010. Heart
disease and stroke statistics--2010 Update. Circulation 121:e46-e215.

Mair C, Diez Roux AV, Osypuk TL, Rapp SR, Seeman T, Watson KE. 2010. Is neighborhood
racial/ethnic composition associated with depressive symptoms? The multi-ethnic study of
atherosclerosis. Soc Sci Med 71(3):541-550.

McEwen BS. 1998. Stress, adaptation, and disease. Allostasis and allostatic load. Ann N'Y Acad
Sci 840:33-44.

McEwen BS. 2003. Mood disorders and allostatic load. Biol Psychiatry 54(3):200-207.

17



Page 18 of 24

McEwen BS, Seeman TE. 1999. Protective and damaging effects of mediators of stress -
Elaborating and testing the concepts of allostasis and allostatic load. In: Socioeconomic
Status and Health in Industrial Nations, Vol. 896, 30-47.

Mensah GA, Mokdad AH, Ford ES, Greenlund KJ, Croft JB. 2005. State of disparities in
cardiovascular health in the United States. Circulation 111(10):1233-1241.

Mezuk B, Rafferty JA, Kershaw KN, Hudson D, Abdou CM, Lee H, et al. 2010. Reconsidering
the role of social disadvantage in physical and mental health: stressful life events, health
behaviors, race, and depression. Am J Epidemiol 172(11):1238-1249.

Mirowsky J, Ross CE. 2003. Social causes of psychological distress. 2nd ed. New York: Aldine
de Gruyter.

Morello-Frosch R, Lopez R. 2006. The riskscape and the color line: examining the role of
segregation in environmental health disparities. Environ Res 102(2):181-196.

Morello-Frosch R, Zuk M, Jerrett M, Shamasunder B, Kyle AD. 2011. Understanding The
Cumulative Impacts Of Inequalities In Environmental Health: Implications For Policy.
Health Aff 30(5):879-887.

Muller D, Judd CM, Yzerbyt VY. 2005. When moderation is mediated and mediation is
moderated. J Pers Soc Psychol 89(6):852-863.

Muntner P, Menke A, DeSalvo KB, Rabito FA, Batuman V. 2005. Continued decline in blood
lead levels among adults in the United States. Arch Intern Med 165(18):2155-2161.

NCHS (National Center for Health Statistics). 2006. Analytic and reporting guidelines for the
National Health and Nutrition Examination Surveys. Hyattsville, MD: Centers for Disease
Control and Prevention. Available: http://www.cdc.gov/nchs/nhanes/nhanes2003-
2004/analytical guidelines.htm. [accessed 10 January 2009].

NCHS (National Center for Health Statistics). 2008. NHANES 2005-2006 data documentation,
codebook, and frequencies: blood lead and blood cadmium. [accessed 10 January 2009].

NCHS (National Center for Health Statistics). 2011. National Health and Nutrition Examination
Survey. Available: http://www.cdc.gov/nchs/nhanes.htm [accessed 12 July 2011].

NIAAA (National Institute on Alcohol Abuse and Alcoholism). 2005. Screening for alchol use
and alcohol-related problems. Available:

http://pubs.niaaa.nih.gov/publications/aa65/aa65.htm [accessed 31 January 2011].

18



Page 19 of 24

Navas-Acien A, Guallar E, Silbergeld EK, Rothenberg SJ. 2007. Lead exposure and
cardiovascular disease — A systematic review. Environ Health Perspect 115(3):472-482.

Nuru-Jeter A, Williams CT, LaVeist TA. 2008. A methodological note on modelling the effects
of race: the case of psychological distress. Stress Health 24(5):337-350.

Payton M, Hu H, Sparrow D, Young JB, Landsberg L, Weiss ST. 1993. Relation between Blood
Lead and Urinary Biogenic-Amines in Community-Exposed Men. Am J Epidemiol
138(10):815-825.

Peters JL, Wright RJ, Weisskopf MG, Spiro A, III, Schwartz J, Sparrow D, et al. 2008.
Interaction of Stress and Lead Burden on Cognition in Older Men: The VA Normative
Aging Study. Epidemiology 19(6):S134.

Peters JL, Kubzansky L, McNeely E, Schwartz J, Spiro A, Sparrow D, et al. 2007. Stress as a
potential modifier of the impact of lead levels on blood pressure. Environ Health Perspect
115(8):1154-1159.

Pirkle JL, Kaufmann RB, Brody DJ, Hickman T, Gunter EW, Paschal DC. 1998. Exposure of the
U.S. population to lead, 1991-1994. Environ Health Perspect 106(11):745-750.

Rhodes D, Spiro A, 3" Aro A, Hu H. 2003. Relationship of bone and blood lead levels to
psychiatric symptoms: the normative aging study. J Occup Environ Med 45(11):1144-1151.

Riolo SA, Nguyen TA, Greden JF, King CA. 2005. Prevalence of depression by race/ethnicity:
findings from the National Health and Nutrition Examination Survey III. Am J Public
Health 95(6):998-1000.

Scalco AZ, Scalco MZ, Azul JB, Lotufo Neto F. 2005. Hypertension and depression. Clinics
(Sao Paulo) 60(3):241-250.

Seeman TE, Singer BH, Rowe JW, Horwitz RI, McEwen BS. 1997. Price of adaptation—
allostatic load and its health consequences. MacArthur studies of successful aging. Arch
Intern Med 157(19):2259-2268.

Shankardass K, McConnell R, Jerrett M, Milam J, Richardson J, Berhane K. 2009. Parental
stress increases the effect of traffic-related air pollution on childhood asthma incidence. Proc
Natl Acad Sci U S A 106(30):12406-12411.

Skarupski KA, Mendes de Leon CF, Bienias JL, Barnes LL, Everson-Rose SA, Wilson RS,
Evans DA. Black-white differences in depressive symptoms among older adults over time.

2005. J Gerontol B Psychol Sci Soc Sci 60(3):P136-P142.

19



Page 20 of 24

Sorel JE, Heiss G, Tyroler HA, Davis WB, Wing SB, Ragland DR. 1991. Black-white
differences in blood pressure among participants in NHANES II: the contribution of blood
lead. Epidemiology 2(5):348-352.

Sternthal MJ, Slopen N, Williams DR. 2011. Racial disparities in health: How much does stress
really matter? Du Bois Review 8(01):95-113.

Taylor J, Turner RJ. 2002. Perceived discrimination, social stress, and depression in the
transition to adulthood: Racial contrasts. Soc Psychol Q 65(3):213-225.

Tobin MD, Sheehan NA, Scurrah KJ, Burton PR. 2005. Adjusting for treatment effects in studies
of quantitative traits: antihypertensive therapy and systolic blood pressure. Statist Med
24:2911-2935.

Turner JR. 2009. Understanding health disparities: The promise of the stress process model. In:
Advances in the Conceptualization of the Stress Process, (Avison WR, ed). New
York:Springer, 3-21.

Turner RJ, Avison WR. 2003. Status Variations in Stress Exposure: Implications for the
Interpretation of Research on Race, Socioeconomic Status, and Gender. J Health Soc Behav
44(4):488-505.

Vaziri ND. 2008. Mechanisms of lead-induced hypertension and cardiovascular disease. Am J
Physiol Heart Circ Physiol 295(2):H454-465.

Virgolini MB, Bauter MR, Weston DD, Cory-Slechta DA. 2006. Permanent alterations in stress
responsivity in female offspring subjected to combined maternal lead exposure and/or stress.
Neurotoxicology 27(1):11-21.

Virgolini MB, Chen K, Weston DD, Bauter MR, Cory-Slechta DA. 2005. Interactions of chronic
lead exposure and intermittent stress: Consequences for brain catecholamine systems and
associated behaviors and HPA axis function. Toxicol Sci 87(2):469-482.

Virgolini MB, Rossi-George A, Lisek R, Weston DD, Thiruchelvam M, Cory-Slechta DA. 2008.
CNS effects of developmental Pb exposure are enhanced by combined maternal and
offspring stress. Neurotoxicology 29(5):812-827.

Vupputuri S, He J, Muntner P, Bazzano LA, Whelton PK, Batuman V. 2003. Blood lead level is
associated with elevated blood pressure in blacks. Hypertension 41(3):463-468.

Williams DR, Collins C. 2001. Racial residential segregation: a fundamental cause of racial

disparities in health. Public Health Rep 116(5):404-416.

20



Page 21 of 24

Williams DR, Neighbors HW, Jackson JS. 2003. Racial/ethnic discrimination and health:
Findings from community studies. Am J Public Health 93(2):200-208.

Zota AR, Shenassa E, Morello-Frosch RA. 2010. Allostatic load, an indicator of chronic stress,
modifies the impact of blood lead levels on hypertension. In: Strengthening Environmental
Justice and Research Decision Making. Washinton, D.C.: US Environmental Protection

Agency.

21



Page 22 of 24

Table 1 Sociodemographic and health characteristics by race/ethnicity, unadjusted
Black White
(N=1217) (N=3245)
Characteristic Mean+SD or N (%) Mean+SD or N (%) p’
Systolic blood pressure, mm Hg 124.6+20.6 121.7+11.1 0.000
Diastolic blood pressure, mm Hg 71.6+15.8 70.8+7.9 0.074
Blood lead, png/dL 1.9+2.2 1.7+0.9 0.006
Depressive symptoms score 3.245.0 2.7£2.4 0.014
High depressive symptoms” 475 (39) 1136 (35) 0.092
Age, years 42.2+16.4 47.1+10.8 0.000
Women 645 (53) 1655 (51) 0.294
Education < High school 280 (23) 357 (11) 0.000
= High school 280 (23) 779 (24) 0.611
> High school 657 (54) 2109 (65) 0.000
Poverty income ratio 2.6x£1.7 3.5¢1.0 0.000
Diabetes 183 (15) 357 (11) 0.005
Smoking status  Never 730 (60) 1590 (49) 0.000
Former 146 (12) 876 (27) 0.000
Current 341 (28) 779 (24) 0.068
Heavy alcohol use 158 (13) 584 (18) 0.010
Body mass index, kg/m’ 29.8+8.2 28.1+4.2 0.000
Hematocrit, % 40.94+5.2 42.542.6 0.000

Data source: National Health and Nutrition Examination Survey, 2005-2008

Results weighted to account for complex survey design; reported as either mean+SD or N (%)
*p values for Black-White comparisons

bPHQ—9 score 23

Abbreviations: SD, standard deviation
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Table 2 Association between log-transformed blood lead and blood pressure by race/ethnicity

Black White Black-White
Model (N=1218) (N=3252) difference”
Systolic blood pressure, mmHg
1° 3.2(1.5,4.9) 1.0 (-0.4, 2.3) 2.2(0.3,4.2)
2° 2.6 (0.8,4.4) 0.6 (-0.8,2.0) 2.0 (0.0, 4.0)
3¢ 3.2(1.5,5.0) 1.0 (-0.3, 2.4) 2.2(0.3,4.1)
Diastolic blood pressure, mmHg
1° 1.1 (0.0, 2.1) 0.7 (-0.3, 1.6) 0.4 (-0.7, 1.5)
2° 1.2 (0.1, 2.3) 0.8 (-0.2,1.7) 0.4 (-0.7, 1.6)
3¢ 1.8 (0.7, 2.8) 0.9 (0.1, 1.8) 0.8 (-0.3, 2.0)

Data source: National Health and Nutrition Examination Survey, 2005-2008

Results weighted to account for complex survey design; reported as regression coefficients
(95% confidence interval)

*Regression coefficient for the race/ethnicity*blood lead (log-transformed) interaction term

®In addition to race/ethnicity, blood lead (log transformed) and race/ethnicity*blood lead,
model includes age, age®, and sex

“Model 1 plus education (<high school, >high school) and family poverty income ratio

YModel 2 plus hematocrit, body mass index, heavy alcohol use, smoking status (never, former,
current), and diabetes diagnosis
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Table 3  Association between blood lead and blood pressure by race/ethnicity and level of
depressive symptoms”
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Black N White N Black-White
difference
Systolic blood pressure, mmHg
Low depressive symptoms 1.8(0.2,3.5) 764 1.0(-0.6,2.6) 2073 0.9 (-0.9, 2.7)
High depressive symptoms 5.6(2.0,9.2) 454 1.2(-0.5,29) 1179 4.4 (0.5, 8.3)
Low DS-High DS difference  -3.8 (-7.7, 0.2) -0.2 (2.3, 1.8)

Diastolic blood pressure, mmHg
Low depressive symptoms 1.2(-0.1,2.4) 763 1.2(0.2,2.1) 2073 0.0 (-1.1, 1.1)
High depressive symptoms 2.8(0.9,4.8) 454 04(-0.7,1.6) 1179 2.4(0.1,4.7)
Low DS-High DS difference -1.7 (-4.0, 0.6) 0.7 (-0.5, 2.0)

Data source: National Health and Nutrition Examination Survey, 2005-2008

Results weighted to account for complex survey design; reported as regression coefficients (95% confidence
intervals)

*In addition to lower order terms, pair-wise interactions and a three-way interaction term for race/ethnicity,
depressive symptoms, log-transformed blood lead, models include age, age”, education (< high school, >high

school), family poverty income ratio, hematocrit, body mass index, heavy alcohol use, smoking status (never,
former, current), and diabetes diagnosis
Abbreviations: DS, depressive symptoms
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